Abstract-Wave damping has been observed for the fast (compressional) wave at frequencies that are about 10 percent above the second and third harmonics of the ion cyclotron frequency. Preliminary calculations indicate that this shift is the result of collisions. The waves were launched by a 1-turn loop around the cylindrical plasma column and damped in a magnetic beach. The highly ionized hydrogen or deuterium plasma had an average temperature of 2 eV and an average density of about 2.5 X 1020 m-3.
I. INTRODUCTION
T HE DISPERSION relation for the fast (compressional) wave in an infinite, cold, uniform plasma is well known
[1], as is the dispersion relation of the fast wave in a cylindrical, radially uniform, cold plasma [2] - [4] . Even for a cylindrical plasma that is radially nonuniform in density, neutral particle density, and temperature for either conducting or nonconducting boundaries [5] the dispersion relation can be calculated. The experimental verifications [5] , [ The plasma is formed by an electrical discharge between electrodes located at each end of the vessel, just outside the peaks of the 150-percent magnetic mirrors. The electrical network in the upper left of Fig. 1 provides preionization of the gas which is initially at a pressure of 5 mtorr. Immediately following this preionization, the final plasma is formed by an axial current from a ringing discharge (Q -5, f -400 kHz) of the 0.8-,F capacitor.
At the end of this axial discharge, when the waves were monitored, the hydrogen or deuterium plasma had an electron temperature of 2 eV, as determined spectroscopically from radially averaged H,B to continuum measurements. In this experiment, the magnetic mirrors are not very efficient, and the plasma escapes out the ends at a rate that is essentially determined by the average ion thermal speed and the halflength of the machine. From the results of all these diagnostics and the fact that the plasma is formed by a linear discharge, one would expect that the plasma is hotter and denser along the axis than near the surface. In addition, the given values show that the plasma is fully ionized but collision dominated.
The waves were launched by a 1-turn loop around the cylindrical plasma column and damped in a 0.8-percent magnetic beach. The current in this 1-turn loop came from a 1-kW, 5.2-MHz oscillator. The waves were monitored by another 1-turn loop that was axially displaced 0.10 m from the first loop.
It is of interest to note that the preionization was necessary in order to prevent a large spread in the data. The preionization network was designed so that the preionizing current had to arc from the preionization electrode to the "left" disk 0093-3813/79/0300-0002 $00. electrode and then axially down the plasma column to the "right" disk electrode. This current path insured an intense and continuous discharge between the preionization and disk electrodes. It was found that this current had to be at least 20 mA and had to flow for at least 100 ms before the 0.8 jF capacitor was discharged.
III. SECOND-HARMONIC RESONANCES Fig. 2, for a hydrogen plasma, and Fig. 3, for a deuterium plasma, show the wave amplitude of the fast wave versus Bo.
In these figures, one can see a wide region of damping about 10 percent below 2 &2j or 3 &i and a narrower region almost exactly at 2 2i or 3 £4. The solid line in these figures is fitted to the data points using polynomial regression by the least squares method.
The effects ofimpurity ion species on the observed resonances are considered to be negligible. Spectroscopic analysis during the time the waves were monitored showed no impurity lines with intensities greater than 1/3000 of the Hg (or D1) line.
However, one may question whether or not the resonance near 2 Qi in a deuterium plasma is really the ion cyclotron resonance of impurity hydrogen ions, but this appears unlikely. In order to avoid hydrogen from entering the deuterium plasma, the base vacuum was kept at least three orders of magnitude below the initial filling pressure of deuterium. In addition, a flowing gas supply was used so that impurities which evolved from the electrodes or glass wall were eventually swept out of the system. Also the wave amplitudes were measured about 20 ,us after the plasma was formed. Thus impurities released from the electrodes by the axial discharge did not have time to enter the wave-plasma interaction region before the waves were monitored. In order to reduce plasma-wall interactions which release impurity hydrogen, the gas was preionized in a narrow on-axis channel which helped keep the linear discharge away from the wall. Furthermore, the resonance was also seen near 2 Qi in a hydrogen plasma, i.e., a frequency four times higher than the ion-ion (hydrogen-impurity deuterium) hybrid resonance. The fact that the resonance was seen in hydrogen also shows that it cannot be an impurity cyclotron resonance (i.e., no simple ion exists with a charge-to-mass ratio of 2e/mp, where mp is the mass of a proton). The end result is that the damping near 2 Qi in a deuterium plasma is caused by the second-harmonic resonance of the fast wave and is not caused by ion cyclotron resonance of impurity hydrogen ions. This reasoning also excludes the possibility that an ion-ion (deuterium and impurity hydrogen ions) hybrid resonance is responsible for the observed damping.
The plasma-filled waveguide cutoff of the fast wave (which is analogous to the cutoff seen in microwave waveguides) can be seen at the far right of each figure. The straight, horizontal line is the measured signal when no plasma is present. It is the result of the mutual coupling of the two 1-turn coils. The hashed areas are the vacuum boundary cutoffs of the first radial modes of a magnetosonic column resonance [14] . These cutoffs will not be discussed further in this paper.
IV. PRELIMINARY CALCULATIONS One may at first consider using an average density and average temperature to calculate ion-ion (vii) and ion-electron (Vie) collision frequencies [15] . The first of these collision frequencies is so large (i.e., co < ii), however, that the secondharmonic resonance should not even be observed. Furthermore, the ion-electron collision frequency is much too small to account for the damping of the fast wave observed far from any resonance. Since neither of these collision frequencies fits the observed data, it appears that the average density and the average temperature are not the correct parameters to use and that appropriate local values of the collision frequency have to be used instead.
In the literature, a conductivity tensor is derived that includes both collisions and the resonance at £4 and Qe (the fundamental cyclotron frequencies) and at 2 £4 and 2 Qe (the secondharmonic frequencies) [161. This conductivity tensor is based on a uniform, unbounded plasma that is, to the first order, in a Maxwellian equilibrium and that also includes the fundamental and second-harmonic resonances as second-order effects.
The primary goal of the theory presented here is to explain why the second harmonic is located 10 percent away from 2 £i. Therefore, we are interested in the imaginary part of the denominator of the conductivity tensor (the location of the resonances) rather than in the real part of the denominator (the rate at which the wave is damped at resonances). The resultant resonance location for the case in which the collision frequency is independent of velocity is [17] 
where v is the appropriate collision frequency influencing the second-harmonic resonance. Thus v must have a numerical value of -1.4 X 107 rad/s (for hydrogen) so that the resonance will be shifted 10 percent, as is observed in Fig. 2 . Three different, possibly relevant choices for v will now be discussed.
The easiest to calculate and perhaps the most often used collision frequencies are the ones based on the assumption that the energy lost by a particle during a collision is negligible. The simplest collision frequency [151 for ions is vie. It was found that a value of Vie calculated for the plasma near the outer surface of the plasma column was consistent with the observed decay rate (i.e., the damping length far from resonance) of the fast wave [17] . Intuitively, this is because in a bounded, cold, cylindrical, uniform plasma one can calculate, for the fast wave, that the path of the electron current is along the axis, then radially outwards along the surface, and, finally, returning radially to the axis. This current experiences less resistance near the axis than near the surface because there are fewer collisions nearer the hot axis than the cold surface. Thus it is the value of vie near the outer surface of the plasma that determines the decay rate for the fast wave as it propagates.
However Thus the theory shows that the collision frequency required for the 10-percent shift of the resonance could be either 3 vie or (0.73/1.14) vii. Of course, it is theoretically possible, but not necessary, that both frequencies simultaneously account for the resonance because of the inhomogeneous plasma in this experiment. A possible scenario for this is as follows. In the hot center of the plasma (-3 eV), the ion-electron collision frequency is too small to limit the ion motion at the second-harmonic resonance. As a result, the ion motion becomes sufficiently anisotropic that one expects ion-ion collisons to limit the resonance (i.e., give the observed shift). However, near the cold surface of the plasma (-0.8 eV) the ion-electron collisions limit the resonance, the ion motion does not become too anisotropic, and ion-ion collision can be ignored.
It can be seen from Figs. 2 and 3 that there is a region of damping located much closer to 2 Qi than the second-harmonic resonance just discussed. This region is also not as wide or as deep as the damping located -10 percent below 2 Qi This region is believed to be the result of damping at the second-harmonic resonance by the particles in the "highenergy tail" which were produced by turbulent heating from the linear discharge. 
